Abstract
Introduction

23
Of the different methods that were developed to estimate groundwater transit time from environmental isotopes, fitting a 24 model to the damping of the amplitude of the atmospheric input (Maloszewski et al., 1983 ) is probably the most simple. It 25 only requires short times series of observations at the outlet (half a cycle at worst, i.e. half a year for the annual signal of 26 stable isotopes), and the fitting of a sine function. Until now, its main recognized drawback was the limited window of mean 
29
The use of tracer cycles to estimate the parameters of the transit time distribution (TTD) function has been recently 30 reexamined by Kirchner (2016) for heterogeneous catchments. Using a simple model combining the transit time distribution 31 (TTD) of two theoretical sub-catchments characterised by a MTT diverging by at least a factor of two and calculating the 32 MTT from the resulting amplitude of the output tracer signal, he showed that the strong non-linearity of the relationship 33 between amplitude and MTT was liable to cause a systematic underestimation of the "true" MTT. These results contrast 34 with those of Luther and Haitjema (1998) who after conducting a series of numerical experiments using groundwater flow 35 models and spatially variable hydraulic conductivities, recharge and porosities, concluded that the exponential function "provides a good approximation to the residence time distributions for watersheds with heterogeneitiy that is not significant 37 and distinct".
38
Since all catchments are to some degree heterogeneous, Kirchner's result seem to spell the end of the method altogether for 39 dating purposes. In this contribution we wish to build upon his excellent work and show that there still is room for 40 differentiation, at least for relatively slowly-responsive groundwater systems. To that effect, we adopt Kirchner's 41 methodology, which we slightly modify to shift the whole perspective from estimating the MTT to a more general 42 assessment of TTD estimation (in the vein of the paper by Luther and Haitjema) .
43
This is done in order to study the effect of heterogeneity (in the sense of Kirchner's toy model) on the shape of the TTD, and 
48
This analysis then leads to our suggestion of using tracer cycles as secondary data with which to test the "homogeneity 49 hypothesis"
50
We also introduce temperature as an alternative tracer for groundwater dating, and show that although it is not conservative, 51 its large seasonal amplitude and smooth annual cycle advantageously compare to stable isotopes and allow an extension of 52 the dating window to a mean residence time of about ten years in favourable cases. We illustrate the second and third points 53 with a case-study of a sandstone aquifer drained by contact springs. 
55
Three remarks are of the order to begin with. Firstly, we assume that the tracer mean transit time is in first approximation 56 equal to the water mean transit time. Secondly, the mean transit time in itself is of limited interest to us, although useful 57 estimates can be gained from it, such as the total volume of water in storage or the average saturated porosity (Maloszewski 58 et al., 2002) . But as a "characteristic measure" of a catchment's reaction time, it suffers from the same drawback as the 59 average value of any set of measurements in that it does not convey any information about the distribution of the transit time 60 around that mean value, which depends on the chosen TTD model. In our view, the mean transit time is simply a fitting 61 parameter of the TTD, and as such, much less appropriate than the shape of the TTD to study the effect of "heterogeneity" 62 on a catchment's response time. Thirdly, we restrict our analysis to groundwater systems in which the discharge in the outlet 63 is sustained exclusively by baseflow.
64
In order to study the effect of subcatchments' heterogeneities on the shape of a groundwatershed's TTD, we modify The procedure is repeated for different subcatchments sizes n and for the different intervals I.
82
The function chosen for the TTD theory is the exponential model, which was shown by Luther and Haitjema (1998) and 83 Etcheverry (2001) 
87
Following previous groundwater dating studies performed for the aquifer presented in the case study, a piston-flow 88 component is added to the transfer function to simulate the transit time through the unsaturated zone (Farlin et al., 2013b) . 
90
To our knowledge, all publications using tracer cycles to estimate the parameters of a TTD are based on the seasonal signal 91 of stable isotopes. One of the problems with that signal is its lack of smoothness. Depending on the year and the location, 92 the isotopic seasonal variations in rainfall in some cases hardly qualify as sinusoidal. On the other opposite, air temperature 93 and consequently soil temperature follow much more closely the seasonal pattern of the near-surface air temperature. In 94 case of the soil temperature, soil thermal inertia imparts both a lag and a damping of the amplitude of the air temperature 95 with depth which can be modeled by a sinusoidal function (Hillel, 1998) 
103
Assuming sufficient time for infiltrating water to come to thermal equilibrium with the soil, equation 1 can be used to 104 predict soil water temperature as a function of depth and of the thermal properties of the soil.
105
After leaving the soil compartment, the additional damping of the temperature signal that occurs during transport in the 106 aquifer can be modeled by the following convolution integral (Maloszewski and Zuber, 1982) 107
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111
The exponential piston-flow TTD is given by summer to winter infiltration coefficient (Grabczak et al., 1984) using the stable isotope measurements.
131
The TTD of each spring was parameterized jointly using tritium and 18 O measurements. Only parameters that lead to output 132 signals within the analytical error of both tracers were retained, yielding a range of estimated MTTs for each spring. The 133 stable isotope signal could not be used for sine fitting as it was either flat, or showed an interannual trend depending on the 134 spring.
135
The mean annual air temperature in the region is 10 °C with an annual amplitude also equal to 10 °C. The minimum air 136 temperature is usually reached at the end of January, so t 0 is set to 30 days. Soil thermal diffusivity depends on mineralogy,
137
water content and bulk density. For a bulk density of 1.5 Mg.m -3 , measured D vary between to 0.2*10 -6 and 10 -5 m 2 .s -1 138 (deVries, 1963; Farouki, 1986) . Furthermore, the depth of the soil also influences the damping of the temperature signal.
139
Soil depth in the catchments is variable and can reach 2 meters (Farlin et al., 2013a 
Results
143
Three different intervals were used for the TTD estimations. The interval adopted by Kirchner (I 3 
186
We also present a groundwater dating model based on the annual temperature cycle by combining a function describing soil 187 temperature as a function of soil depth and the traditional convolution integral of Maloszewski and Zuber (1982) .
188
Temperature is not a conservative tracer, and as such suffers from a number of drawbacks. Firstly, Eq. (1) 
212
In conclusion, we recognize two uses for tracer cycles:
213
 In subsurface systems that react relatively slowly to precipitation events, the cycle can be used for dating purposes.
214
Water temperature in particular can be used in that way when a more complex approach based on costlier tracers 215 cannot be adopted.
216
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